The ligand-gated outer membrane porin FepA serves Escherichia coli as the receptor for the siderophore ferric enterobactin. We characterized the ability of seven analogs of enterobactin to supply iron via FepA by quantitatively measuring the binding and transport of their 59 Fe complexes. The experiments refuted the idea that chirality of the iron complex affects its recognition by FepA and demonstrated the necessity of an unsubstituted catecholate coordination center for binding to the outer membrane protein. Among the compounds we tested, only ferric enantioenterobactin, the synthetic, left-handed isomer of natural enterobactin, and ferric TRENCAM, which substitutes a tertiary amine for the macrocyclic lactone ring of ferric enterobactin but maintains an unsubstituted catecholate iron complex, were recognized by FepA (K d Ϸ 20 nM). Ferric complexes of other analogs (TRENCAM-3,2-HOPO; TREN-Me-3,2-HOPO; MeMEEtTAM; MeME-Me-3,2-HOPO; K 3 MECAMS; agrobactin A) with alterations to the chelating groups and different net charge on the iron center neither adsorbed to nor transported through FepA. We also compared the binding and uptake of ferric enterobactin by homologs of FepA from Bordetella bronchisepticus, Pseudomonas aeruginosa, and Salmonella typhimurium in the native organisms and as plasmid-mediated clones expressed in E. coli. All the transport proteins bound ferric enterobactin with high affinity (K d < 100 nM) and transported it at comparable rates (>50 pmol/min/10 9 cells) in their own particular membrane environments. However, the FepA and IroN proteins of S. typhimurium failed to efficiently function in E. coli. For E. coli, S. typhimurium, and P. aeruginosa, the rate of ferric enterobactin uptake was a sigmoidal function of its concentration, indicating a cooperative transport reaction involving multiple interacting binding sites on FepA.
Pathogenic and commensal bacteria alike obtain iron from human and animal hosts by competing for the metal with eucaryotic proteins, like transferrin, lactoferrin, and ferritin (11, 25, 49, 54) . In the wild, the low solubility of iron in aqueous, aerobic conditions further complicates its acquisition: the concentration of available Fe 3ϩ at neutrality is 10 Ϫ18 M (34), whereas bacteria require a minimum of 10 Ϫ8 M for growth and 10 Ϫ6 M for iron sufficiency (24) . A wide variety of microbes synthesize specialized, low-molecular-mass (500 to 1,000 Da) organic chelators called siderophores (5, 16, 17, 18, 33, 37, 38, 40, 41, 46, 52, 66) that solve these problems. Siderophores (32) liberate iron from the sequestering proteins of eucaryotic hosts or solubilize it from precipitates of ferric oxyhydroxide, rendering the metal available for microbial consumption.
Enterobactin, the native siderophore of Escherichia coli and the most avid microbial iron chelator (K a ϭ 10 52 [10] ) contains three dihydroxybenzoyl serine groups linked in a macrocyclic lactone ring (Fig. 1) . Its three identical catechol groups chelate Fe 3ϩ in a ⌬-cis complex, creating a hexadentate iron center with a net charge of Ϫ3. Several species of Enterobacteriaceae, including E. coli (37, 46) , Salmonella typhimurium, (42) and Klebsiella pneumoniae (40) , produce enterobactin in response to iron stress. Many pathogenic bacteria that do not make enterobactin produce membrane transport systems that recognize and transport ferric enterobactin (FeEnt) (48) , so the determinants of siderophore uptake may influence the pathogenicity of enteric bacteria. FeEnt binds to FepA, an 81-kDa outer membrane protein that also serves as a receptor for two protein toxins, colicins B and D (19, 28, 39, 44, 62, 69) . All three ligands interact with two arginine residues within proposed loop 5 (36) in the central region of FepA. FeEnt transport across the outer membrane requires energy and the participation of TonB (19, (58) (59) (60) ; a complex of proteins (9, 13, 51) mediates uptake through the inner membrane.
Synthetic analogs that mimic enterobactin but change certain aspects of its chemistry were previously used to determine the structural features of the siderophore that are important to its transport. For example, the catechol groups of FeEnt form a right-handed propeller around iron, and experiments with its left-handed analog showed the importance of this chirality: ferric enantioenterobactin (FeEnEnt), the mirror image of the natural siderophore, does not provide iron to E. coli (35) . Studies of other analogs with modifications to either the chelating groups or the organic platform from which they arise showed that the iron center contains the primary determinants of the uptake reaction. Replacement of the natural macrocyclic ring had little effect on FeEnt transport (15, 21) .
We further analyzed the siderophore transport process by determining the principal features of ferric enterobactin that affect its binding to FepA. Experiments with synthetic siderophores and the natural compound agrobactin A reaffirmed the importance of the iron center in binding: high-affinity adsorption of ferric siderophores to FepA required unadulterated catechol moieties around the central iron atom. Unexpectedly, the chirality of the iron complex did not affect the receptorligand interaction: FeEnEnt bound to FepA with affinity comparable to that of FeEnt, indicating that the recognition reaction is not stereospecific. We also studied the biochemical properties of FepA homologs of Bordetella, Pseudomonas, and Salmonella species with regard to FeEnt binding and transport. Although the affinities of the various proteins for the siderophore were comparable, we found differences in their transport rates, especially when they were all expressed and compared in E. coli.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains, plasmids, and sources are listed in Table 1 .
Siderophore preparation. Enterobactin was purified from E. coli AN102 (24) . Iron complexes of enterobactin and its analogs ( Fig. 1) were formed by mixing equimolar amounts of the siderophores and FeCl 3 dissolved in 0.45 ml of methanol and 0.45 ml of 0.001 M HCl, respectively. For radioisotope studies, 0.05 mCi of 59 FeCl 3 (Amersham) was added to the FeCl 3 solution. The ferric siderophore solution was incubated for 1 to 2 h at room temperature, 100 l of 0.5 M sodium phosphate was added, and the iron complexes were chromatographically purified on Sephadex LH20 (61) . The concentrations of ferric complexes of enterobactin and its analogs were spectrophotometrically determined by using their millimolar extinction coefficients: enterobactin (42), ε 495 ϭ 5.6; K 3 MECAMS (64), ε 488 ϭ 0.81; TRENCAM (67), ε 486 ϭ 4.27; TRENCAM-3,2-HOPO (68), ε 538 ϭ 3.1; TREN-Me-3,2-HOPO (67), ε 530 ϭ 3.6; MeME-Me-3,2-HOPO (68), ε 548 ϭ 3.78; MeMEEtTAM (68), ε 524 ϭ 3.2; agrobactin A (38), ε 513 ϭ 3.5.
Siderophore binding and transport experiments. Bacteria harboring fepA ϩ or mutant fepA alleles on pUC plasmids were grown overnight in Luria-Bertani broth (29) containing ampicillin (100 g/ml), subcultured into MOPS (morpholinepropanesulfonic acid) minimal medium (31) with ampicillin (10 g/ml), and grown for 5.5 h at 37°C. In some experiments, enterobactin was added to the culture medium at 2 M. For binding studies, six 10-ml aliquots were collected and incubated on ice for 1 h, and 59 Fe siderophore at six different concentrations was added (36) . One and 6 min after addition of the siderophore, 5-ml aliquots were collected and filtered through glass fiber filters that then were washed with 10 ml of 0.9% LiCl and counted. Transport experiments (15, 48, 36) were performed quantitatively in MOPS medium and qualitatively as siderophore nutrition assays (62) . Binding and transport data were analyzed and plotted using Grafit (versions 3 and 4; Erithacus Software Ltd., Middlesex, England).
Outer membranes and gel electrophoresis. A total of 10 10 cells were resuspended in 10 ml of Tris-buffered saline (TBS) with trace amounts of DNase and RNase and lysed by passage through a French pressure cell at 14,000 lb/in 2 . Unbroken cells were removed by centrifugation at 3,000 ϫ g for 15 min, and the supernatant containing the inner and the outer membranes was collected by centrifugation at 100,000 ϫ g for 1 h. The pellet was resuspended in 1 ml of TBS containing 0.5% sodium sarcosinate and incubated for 30 min at room temperature (48) . The extract was spun for 45 min at 20,000 ϫ g, and the pellet containing the outer membranes was resuspended in sample buffer, boiled for 5 min, briefly centrifuged to remove insoluble material, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (1, 20) .
Western blot analysis. Outer membrane proteins separated on polyacrylamide gels were transferred to nitrocellulose membranes by electrophoresis at 10 V overnight (55) . The nitrocellulose was blocked with 1% gelatin, incubated with anti-FepA monoclonal antibodies 2, 27, and 45 (30) followed by goat anti-mouse immunoglobulin G-alkaline phosphatase, and developed with a mixture of nitroblue tetrazolium-bromochloroindolyl phosphate (7) .
RESULTS
Binding and transport of FeEnt analogs. We measured the binding equilibria between enterobactin analogs ( Fig. 1 ) and E. coli FepA by using strain BN1071 (entA) and its derivative KDF541 (entA fepA cir). FeEnEnt, the ⌳ analog of natural ⌬ FeEnt, bound to FepA with high affinity (K d ϭ 21 nM) ( Table  2 ). This result was unexpected because it was previously reported (35) , and we confirmed, that FeEnEnt does not promote siderophore nutrition activity for E. coli (Table 2) . Similarly, FeTRENCAM, a synthetic analog that mainly differs from enterobactin in the substitution of a tertiary amine for the 
The V max of FeTRENCAM transport was about half that of FeEnt, consistent with the lower binding capacity for the synthetic siderophore and the faint halos it generated in siderophore nutrition assays. We also measured the binding and transport of several other catecholate siderophores as a means of identifying structural features that affect recognition reaction by FepA. Iron complexes of TRENCAM derivatives that substitute an N-methyl-3-3-hydroxy-2-(1H)-pyridine unit for either two (TRENCAM-3,2-HOPO) or all three (TREN-Me-3,2-HOPO) catechols did not bind to FepA, nor did they supply iron in siderophore nutrition tests. Similarly, the related compounds FeMeMEEt-TAM and FeMeME-Me-3,2-HOPO, which contain N-ethyl amide or methyl groups in the para position of the chelating aromatic rings ( Fig. 1) , did not interact with FepA. E. coli recognizes and utilizes another synthetic analog, MECAM, that replaces the central ester ring of enterobactin with a substituted benzene ring and, like TRENCAM, maintains pure catechol chelation moieties (21) . However, FeK 3 MECAMS, which contains sulfonyl groups in the meta position of the catecholates, did not bind to FepA. In summary, essentially any changes in the face of the iron center, introducing either polar (Fig. 1) . However, in agrobactin A, only two of the catechols fully chelate ferric ion, and the fifth and sixth ligands to the metal derive from the nitrogen of an oxazoline ring and from the proximal hydroxyl of the third catechol group, leaving the majority of the third aromatic ring displaced away from the iron center (34) . In spite of its catecholate chemistry, ferric agrobactin A (FeAgroA) neither bound to FepA nor supported the growth of wild type E. coli BN1071, indicating that even a slight change in the nature of the iron center may debilitate binding.
FeEnt binding and transport by Salmonella, Pseudomonas, and Bordetella. We compared the outer membrane FeEnt transporters of E. coli (EcoFepA), S. typhimurium (StyFepA, StyIroN), Pseudomonas aeruginosa (PaeFepA), Bordetella bronchisepticus (BbrFepA), and Bordetella pertussis (BpeFepA) with regard to 59 FeEnt binding and uptake ( Table 2) . As an initial experiment, we tested four of the bacterial species in vivo in iron-deficient MOPS medium. Under these conditions, E. coli and S. typhimurium bound the siderophore with high affinity (K d Ͻ 50 nM). These two strains transported FeEnt at about the same rate, 100 pmol/min/10 9 cells. In iron-deficient media, P. aeruginosa did not bind or transport FeEnt, while B. bronchisepticus adsorbed and transported it at very low levels. Neither of the latter two strains synthesizes enterobactin, and therefore they do not normally express their FeEnt transport systems at readily detectable levels, even when subjected to iron stress. However, if they were cultured beforehand with enterobactin, then the binding capabilities of Pseudomonas and Bordetella were similar to those of the Enterobacteriaceae (Fig. 3) (Table 2 ). When induced in this manner, P. aeruginosa and B. bronchisepticus showed a maximal rate of FeEnt uptake of about half that of E. coli and Salmonella, commensurate with the variations in FepA expression seen in immunoblots (Fig. 4) and inferred from FeEnt binding capacities (Table 2) . Precise measurements at concentrations near the transport K m produced sigmoidal (allosteric) uptake curves for E. coli (Fig.  3) , S. typhimurium, and P. aeruginosa (data not shown); these data did not fit a hyperbolic (Michaelis-Menten) function. Kinetic analyses of B. bronchisepticus transport data were inconclusive in this respect.
FeEnt binding by Salmonella, Pseudomonas, and Bordetella FepA proteins, expressed in E. coli. The differences in the outer membranes of the species under study suggested that expression of all the FeEnt transporters in a common background might provide a more stringent test of the effects of sequence variation on functionality. Thus, we expressed cloned BpeFepA, PaeFepA, StyFepA, StyIroN, and EcoFepA in KDF541. SDS-PAGE and Western immunoblots with crossreactive anti-(E. coli)FepA monoclonal antibodies verified expression of the five proteins (Fig. 4) : each foreign gene directed the synthesis of an immunoreactive, approximately 80-kDa outer membrane protein, albeit weakly in the case of BpeFepA.
Experiments on FeEnt adsorption to the cloned transport proteins in E. coli showed that all the FepA homologs bound the siderophore with affinities comparable to those observed in their native membrane environments. BpeFepA showed about a 10-fold lower avidity for FeEnt than the other proteins, but this result concurred with data collected from B. bronchisepticus in vivo. Comparison of binding data from the laboratory E. coli strain and the pathogenic gram-negative organisms mainly showed disparities in capacities that paralleled FepA expression levels. The affinity of plasmid-mediated EcoFepA for FeEnt was indistinguishable from that of the chromosomally expressed protein (Table 2) , but KDF541/pITS449 bound FeEnt with a capacity approximately three times higher than BN1071 (Fig. 3) . The increased capacity was expected, because the plasmid system expresses FepA at a higher level (Fig. 4) . Conversely, KDF541 expressed BpeFepA from plasmid pKP1 at only very low levels (Fig. 4) . The Bordetella protein showed a reasonable affinity for FeEnt (K d ϭ 120 nM [ Fig. 3] ), but adsorbed it to a much lower capacity (3 pmol/10 9 cells) than the other FepA homologs. E. coli expressed PaeFepA, StyFepA, and StyIroN to levels similar to that of EcoFepA (Fig.  4 and data not shown) , and under these conditions the three FepA homologs manifested comparable affinity and capacity for FeEnt (Fig. 3) (Table 2) .
FeEnt uptake by Salmonella, Pseudomonas, and Bordetella FepA proteins, expressed in E. coli. Uptake assays in E. coli confirmed the differences seen in binding assays of the five FeEnt transporters, with several nuances and exceptions. First, in spite of their avid binding, StyFepA and StyIroN did not efficiently transport FeEnt. Standard uptake assays failed to detect any transport of 59 FeEnt by StyFepA and detected only a small amount of transport by StyIroN. However, StyFepA in KDF541 consistently produced positive siderophore nutrition assays ( Fig. 5; Table 2 ), which led us to reevaluate the transport assay conditions. An increase in the uptake period from 5 to 60 min revealed the transport reaction (Fig. 6 ) (V max ϭ 14 pmol/min/10 9 cells). StyIroN showed about the same rate in both conditions (V max ϭ 10 to 20 pmol/min/10 9 cells), considerably slower than transport through E. coli FepA (V max ϭ 46 pmol/min/10 9 cells). Thus in E. coli, both Salmonella outer membrane proteins recognized FeEnt but transported it with reduced efficiency, about one-fifth the maximum rate observed for the native strain.
The transport characteristics of BpeFepA and PaeFepA in E. coli were consistent with what occurred in Bordetella and Pseudomonas. The pseudomonad protein bound and transported FeEnt much like EcoFepA, while BpeFepA bound the siderophore, but only at a low capacity, and did not transport it at measurable levels. The poor expression of the BpeFepA protein in E. coli (Fig. 4) probably accounts for these results.
Comparisons between chromosome-and plasmid-encoded EcoFepA in E. coli (Fig. 3) showed that the expression system does not affect the affinity of the protein for FeEnt: the binding K d and transport K m did not vary under the two conditions. Furthermore, as in the chromosomal system, plasmid-encoded FepA catalyzed allosteric uptake reactions (Fig. 3 ), but at an ostensibly slower rate. That is, the threefold-higher FepA levels created by plasmid-mediated expression did not change V max . The maximum uptake rates of the two systems were the same, indicating that chromosomal expression allows faster ligand internalization per FepA monomer, i.e., an ostensibly threefold-higher monomer turnover number. (ii) it is intolerant of modifications to the catechol groups surrounding the metal; and (iii) its affinity is relatively invariant among diverse bacterial species.
Siderophore nutrition by the ⌬-cis-FeEnt complex is stereospecific in E. coli (35, 45, Table 2 ), but preference for right-handed chirality does not originate at the stage of binding between the ferric siderophore and FepA. ⌳-cis-FeEnEnt bound to FepA with equivalent affinity and capacity, showing that the chiral specificity resides in a subsequent stage of the uptake process, likely after transport through FepA (36a). The preference for ⌬ chirality was not absolute: although 59 FeEnEnt transport was not observed, a very faint halo developed around the ⌳ iron complex in siderophore nutrition assays after an extended incubation period (36 h).
FepA recognizes the iron center of FeEnt, three catechol groups complexed to Fe ϩϩϩ , in the initial step of transport through the outer membrane. The efficacy of MECAM in supplying iron to E. coli initially demonstrated the importance of the metal center (15, 21) , and the similar ability of TREN-CAM underscores this conclusion: both compounds replace the macrocyclic ester ring of FeEnt without changing its catecholate coordination complex and both are recognized and transported by FepA. Experiments that measured the affinity of the cell surface ligand binding reaction confirmed the importance of unsubstituted catecholate moieties around iron in FeEnt. FeTRENCAM bound to FepA with equal affinity and specificity, while analogs that introduced any other substituents on the rings did not bind to FepA. Although these results suggest that the size and shape of the iron center are crucial to the binding reaction, charge, which was implicated by another approach (36) , may also play a role in the failure of the synthetic iron chelates to bind. In most of the compounds that did not specifically adsorb, the net charge of the iron center was different. VOL. 180, 1998 FERRIC ENTEROBACTIN BINDING AND TRANSPORTNevertheless, the failure of FeAgroA to bind or to supply iron confirms the importance of the shape of the iron center in recognition by the receptor. Like FeEnt, FeAgroA is negatively charged (Ϫ2.5 [34] ) and contains three catechol groups in a right-handed complex. However, one of these, which provides only a single ligand to iron, projects off the iron center and distorts its size and symmetry (34) . Its spermidine backbone also distinguishes FeAgroA, but MECAM and TREN-CAM established the relative unimportance of this part of the siderophore in binding, intimating that the different shape of the FeAgroA iron center prevents its adsorption to FepA. The face of the FeEnt iron complex is relatively flat (23) , and this feature may be requisite for binding. The lack of siderophore nutrition by FeAgroA concurs with the results of Ong et al. (38) , who reported that iron complexes of agrobactin and agrobactin A at concentrations as high as 50 M did not promote the growth of E. coli.
The different binding capacities of FeEnt and FeTREN-CAM must stem from structural variations in the two siderophores that center on the presence of a tertiary amine in the synthetic siderophore. This basic group carries a positive charge at neutrality, while the macrocyclic ring of FeEnt is uncharged. Thus the reduced capacity of FepA for FeTREN-CAM may derive from an ionic interaction that reduces its saturation level threefold. One explanation of these data is that, like all the structurally characterized porins (12, 26, 50, 63) , FepA exists in vivo as a trimer that accommodates three molecules of FeEnt but only a single molecule of FeTREN-CAM. The receptor protein binds the iron center of FeTREN-CAM and, although the positive charge on the back of the molecule did not affect the affinity of its adsorption, it may create a charge repulsion barrier that prevents subsequent adsorption of another positively charged chelate, thus reducing binding capacity. An analytical comparison of FeEnt and colicins binding to FepA (39) showed similar results: colicin D bound to FepA at one-third the capacity of colicin B and FeEnt. Furthermore, nondenaturing SDS-PAGE revealed a high-molecular-weight oligomer of FepA with the mass of a trimer (27) . Although another ligand-gated porin, the ferrichrome receptor, was purified in monomeric form (8) , several independent lines of evidence now support the trimeric structure of FepA in vivo. Relevant to this point, our transport data demonstrate, for the first time, sigmoidal uptake kinetics for FeEnt. When analyzed as allosteric reactions, the transport data yielded Hill coefficients of approximately 3, consistent with a native FepA protein that contains three interacting, cooperative binding sites. These may be equivalent sites on the monomers of a trimer, or three distinct sites on a monomeric protein. In either case, our data indicate that multiple binding sites within FepA function allosterically during FeEnt transport.
The comparable affinities of the five gram-negative bacterial outer membrane transport proteins for FeEnt was unexpected. Against a background of broad overall genetic diversity, the four species manifested a remarkable preservation of avidity for FeEnt. While the structural genes, regulatory systems, and transport components of these organisms adapted to their individual biological needs, the specificity of their outer membrane receptors persevered essentially unchanged. The overall variation in the proteins themselves, from E. coli to B. pertussis, is dramatic, and yet the surface that accepts FeEnt remains relatively unaltered: only a 10-fold drop in affinity occurred in the most distant FepA homolog, B. pertussis. The evolution of bacterial outer membrane proteins occurs most rapidly in their surface loops (22, 48) , and the FeEnt binding site illustrates conservation of a functional domain within an overall framework of high sequence variability.
The retention of a FeEnt transport system in Pseudomonas and Bordetella, with modifications of its regulation, illustrates the importance of iron acquisition in bacterial pathogenesis. In both of these disease-causing organisms, the regulatory system has changed from negative and repressible to positive and inducible. That is, the presence of enterobactin induces synthesis of the receptor for its ferric complex, an advantageous strategy for organisms that infect tissues cohabited by enterobactin-secreting bacteria. Transport of FeEnt into P. aeruginosa and B. bronchisepticus occurred at rates similar to those of the enterobactin producers S. typhimurium and E. coli, about 50 pmol/min/10 9 cells. Although prior work with a Salmonella model system questioned the relationship between FeEnt-mediated iron acquisition and bacterial pathogenesis (6) , an overwhelming amount of data now links iron and virulence. The connection appears in studies of Neisseria (Tbp1/transferrin [11] ), Vibrio (IrgA [53] ), Yersinia (Psn/yersiniabactin [5] ), and Escherichia and Salmonella (IutA/aerobactin [65] ; TonB [56] ) species. In the context of these examples relating iron to infection, the inducible FeEnt transport systems of Bordetella and Pseudomonas emphasize the value of siderophores to bacteria: FeEnt is such a ubiquitous and potent iron complex that these pathogenic bacteria have evolved to steal it from their competitors.
Although plasmid effects are a potential explanation for the poor function of foreign proteins in E. coli, the reduced efficacy of the Salmonella FeEnt transporters StyFepA and StyIroN did not derive from poor expression or targeting to the E. coli outer membrane. Both Salmonella proteins bound FeEnt with high affinity, providing evidence of properly folded, biologically active conformations. The likely explanation for their inferiority is that additional components of the FeEnt uptake systems of Salmonella and Escherichia are sufficiently different to impair the transport reaction. On the other hand, E. coli FepA itself manifested a lower transport rate when expressed from pUC. The multicopy plasmid effected a two-to threefold higher expression level expression than the chromosomal system, but the increase did not cause a higher rate of FeEnt uptake. In both cases we observed an overall rate of 100 pmol/ min/10 9 cells, which translates to a monomer transport rate for chromosomally produced FepA of 1 mol/20 s and for plasmidexpressed FepA of 1 mol/min. These calculations suggest that the higher expression levels encoded by the plasmid exceeded the overall capabilities of the transport complex. The deficiencies in the plasmid system may ensue from inadequate amounts of one or more of the other required components of the cell envelope, including FepB, TonB, or another as-yet-unidentified molecule. At present, however, we cannot fully explain the lower activity of the plasmid-based FepA proteins.
